ABSTRACT A study of all full-scan spectra of optically thin oxygen-rich circumstellar dust shells in the database produced by the Short Wavelength Spectrometer on ISO reveals that the strength of several infrared spectral features correlates with the strength of the 13 lm dust feature. These correlated features include dust features at 19.8 and 28.1 lm and the bands produced by warm carbon dioxide molecules (the strongest of which are at 13.9, 15.0, and 16.2 lm). The database does not provide any evidence for a correlation of the 13 lm feature with a dust feature at 32 lm, and it is more likely that a weak emission feature at 16.8 lm arises from carbon dioxide gas rather than dust. The correlated dust features at 13, 20, and 28 lm tend to be stronger with respect to the total dust emission in semiregular and irregular variables associated with the asymptotic giant branch than in Mira variables or supergiants. This family of dust features also tends to be stronger in systems with lower infrared excesses and thus lower mass-loss rates. We hypothesize that the dust features arise from crystalline forms of alumina (13 lm) and silicates (20 and 28 lm).
INTRODUCTION
The mystery of the 13 lm feature dates to Little-Marenin & Price (1986) , who identified a dust emission feature at 13.1 lm in the spectra from some circumstellar dust shells observed by the Low-Resolution Spectrometer (LRS) aboard IRAS. Further analysis of the LRS database (Little-Marenin & Little 1988 , 1990 Sloan & Price 1995; Sloan, LeVan, & Little-Marenin 1996) and more recent spectra from the Short Wavelength Spectrometer (SWS) on ISO (Justtanont et al. 1998; Posch et al. 1999; Fabian et al. 2001b ) have provided many useful clues about the origin of the 13 lm feature but no conclusive identification of its carrier.
Several different carriers may be responsible for the 13 lm feature. Glaccum (1995) first suggested sapphire, or more precisely, crystalline alumina (Al 2 O 3 ) as a possible carrier (his original unpublished statement is several years older). Other possible carriers include SiO 2 grains (quartz if in crystalline form; Speck et al. 2000) and spinel (MgAl 2 O 4 ; Posch et al. 1999) . Because all of these carriers fit the 13 lm feature to varying degrees of success, the key to distinguishing the correct carrier is to identify correlations with other features, both in the laboratory and in the astronomical databases. Begemann et al. (1997) analyzed crystalline alumina (-Al 2 O 3 , which has a rhombohedral structure) and showed that in addition to the 13 lm feature, it should produce a weaker feature at 21 lm, but this feature has yet to be identified in astronomical sources. Posch et al. (1999) examined a number of possible carriers of the 13 lm feature, and they point out that since SiO 2 should produce a stronger feature at 9 lm and a weaker one at 21 lm, neither of which is seen in SWS spectra, it is unlikely to be the carrier. As an alternative, they suggest spinel, since its laboratory spectrum includes a feature at 16.8 lm that they claim to see in SWS spectra. Fabian et al. (2001b) continued this work with further laboratory analysis of spinel, showing that both laboratory spectra of spinel and SWS spectra of some 13 lm sources also show emission features at 32 lm. Thus, based on the apparent correlation of dust features at 13, 16.8, and 32 lm, spinel appears to be the strongest candidate for the carrier of the 13 lm feature.
As shown by Sloan et al. (1996) , the 13 lm feature appears in spectra covering the entire silicate dust sequence. Sloan & Price (1995 , hereafter SP) defined this sequence using flux ratios from the spectra in the LRS database after subtracting a stellar continuum to isolate the dust spectrum. They divided the sequence into eight segments, labeled SE1-SE8 (SE = silicate emission, although oxygenrich dust emission would be more proper). Classes SE1-SE3 correspond to low-contrast alumina-rich dust seen in evolved stars losing mass at low rates. Moving up the sequence, classes SE3-SE6 show structured silicate emission, with features at 10 and 11 lm. The strongest sources of 13 lm emission appear in this range, a fact first noticed by Little-Marenin & Price (1986) , who defined the threecomponent spectral class as those sources showing 10, 11, and 13 lm features. The upper end of the silicate dust sequence (SE6-SE8) consists of sources of classic silicate emission produced by amorphous silicate grains. These sources have optically thicker shells and higher mass-loss rates than sources at the other end of the sequence.
The structured silicate spectra are about as enigmatic as the 13 lm feature. Given the similarity between the spectral structure in these circumstellar shells at 10 and 11 lm and the spectra from comets produced by crystalline silicates, it is reasonable to hypothesize that crystalline silicates in fact produce structured silicate emission (e.g., Bregman et al. 1987; Tielens 1990; . Unfortunately, spectral observations of optically thin circumstellar dust shells have not provided any direct proof for this hypothesis. 6 Structured silicate emission may also arise from combinations of amorphous alumina and amorphous silicates (Lorenz-Martins & Pompeia 2000) or from optically thick but geometrically thin shells of amorphous silicates (three-dimensional smoke rings; Egan & Sloan 2001) , or from combinations of the various proposed carriers.
Little-Marenin & Price (1986) first commented on a feature at $19.5-20.0 lm that appears as a shoulder to the 18 lm amorphous silicate feature. They noted that this feature often appeared with the 13 lm feature in their threecomponent class defined from the LRS database. The Autoclass II classifications, which used an unbiased Bayesian method to classify the LRS database (Goebel, Bregman, & Witteborn 1989; Cheeseman et al. 1989) , confirmed this association (see especially the 30 and 34 classes). Goebel et al. (1995) also commented on a feature in the vicinity, at 19.7 lm, in a spectrum of HD 53917 taken from the Kuiper Airbone Observatory (KAO) with HIFOGS. Posch et al. (2002) identify the carrier of this feature as MgO and FeO, but these materials do not show features at any other wavelength in the laboratory, making confirmation difficult.
Other features may also be associated with the 13 lm feature. Glaccum (1995 Glaccum ( , 1999 identified a broad emission feature at $28-29 lm in several dust spectra obtained with a long-wavelength spectrophotometer on the KAO. They found this feature in the spectra of three strong 13 lm sources, most notably RX Boo. Justtanont et al. (1998) discovered that the SWS spectra of many 13 lm sources have emission bands at 13.87, 14.98, and 16.18 lm that arise from warm carbon dioxide gas above the stellar photosphere. They also identify related features at 13.48 and 15.41 lm in some particularly strong CO 2 spectra and note that the strongest band at 14.98 lm can appear in emission or absorption.
This study extends the work of Sloan et al. (1996) and SP from the LRS sample to the SWS sample in an effort to quantify the correlation between the 13 lm dust emission feature and the possible dust emission features at 16.8, $19.5-20, $28-29 , and $32 lm, as well as the carbon dioxide bands in the 13-17 lm range.
SAMPLE
We start with the database of SWS spectra from ISO as produced by the postpipeline processing algorithm developed by Sloan et al. (2003) . This algorithm greatly simplifies the task of reducing large numbers of SWS spectra by aligning data from different detectors and spectral segments into one continuous spectrum. The algorithm produces a final spectrum in four-column format (wavelength, flux, spectroscopic error, and normalization error). Most of these spectra were obtained in the lowest resolution mode, speed 1, although some were taken at speeds 2, 3, and 4. In speeds 1 and 2, the resolution between 5 and 40 lm varies between 220 and 430 (/D) with discontinuities at the boundaries between spectral bands. Speeds 3 and 4 have 2 and 4 times more resolution, respectively. This database of over 1200 spectra, in combination with the infrared spectral classifications of Kraemer et al. (2002) , allows us to quickly identify and analyze all of the relevant spectra from oxygen-rich circumstellar dust shells observed by the SWS in full-scan mode. Our sample starts with all spectra classified by Kraemer et al. (2002) as 2.SE. They classify all stellar sources associated with optically thin dust emission as group 2; those sources with oxygen-rich dust are in group 2.SE, subdivided into 2.SEa (amorphous alumina emission; 72 spectra), 2.SEb (structured silicate emission; 43 spectra), and 2.SEc (classic amorphous silicate emission; 54 spectra). These subgroups correspond to SE1-SE3, SE3-SE6, and SE6-SE8 in the SP classification system, respectively.
We limit our study to those spectra with a sufficient ratio of signal to noise for the identification and extraction of the spectral features discussed below. This reduces the number of spectra to a total of 131 (52 2.SEa, 35 2.SEb, and 44 2.SEc). Table 5 in the Appendix lists the sources in our reduced sample. Most sources were observed by the SWS only once, but in a few cases, the SWS obtained multiple spectra of the same source. We analyze each spectrum independently.
Most of the spectra come from sources associated with the asymptotic giant branch (AGB). Most of the remainder are from supergiants. A minority are from transition objects between the AGB and planetary nebulae or infrared sources with no well-studied optical counterpart.
Unlike the IRAS survey, the observations from ISO were limited to specific targets selected for their characteristics, requiring caution when any statistical conclusions are drawn from the SWS database as a whole. As an example, we cannot use the database to answer questions about the fraction of sources that exhibit 13 lm features since many sources were selected because they did or did not have this feature. However, the sample of spectra from the SWS does contain a large number of sources with and without this feature, allowing us to search the spectra in these two groups for other similarities and differences.
3. METHOD Sloan et al. (2003) describe in detail all of the steps followed to produce a spectrum from the SWS data in the ISO Data Archive. Only one aspect should be emphasized here. The junction between bands 3D, 3E, and 4 in the 27-30 lm range requires special care because of the low sensitivity of band 3E and a light leak that affects the long-wavelength edge of band 3D. Sloan et al. (2003) have found that by ignoring band 3D beyond 27.3 lm they can eliminate most or all of the impact of the light leak on the band-to-band normalization. Their procedure is to fit band 4 to band 3D using polynomials to extrapolate the spectra over the gap between them. Band 3E is then fitted to the average flux on either side (in bands 3D and 4), which will minimize any possible discontinuities from 27.3 to 27.7 lm that result from the poor performance of band 3E.
To analyze the dust emission features, we follow the basic method of SP (with some modifications as described below), isolating the dust spectrum by fitting an assumed stellar spectrum over the wavelength range 5.5-7.0 lm and subtracting it to form a simple estimate of the dust emission beyond 7.0 lm. For all sources, NU Pav (M6 III) served as the assumed spectrum for reasons explained by SP. SP also classify the dust emission by taking ratios at 10, 11, and 12 lm. The ratio F 10 =F 12 plotted against F 10 =F 11 defines the silicate dust sequence, and the position of a dust spectrum along this sequence determines its SE index (1-8). The SE indices determined from the SWS data generally agree with the classifications of Kraemer et al. (2002) , with a few exceptions, as expected considering the qualitative approach they used compared with the more quantitative analysis here. The SP classification includes a '' t '' suffix to denote 13 lm sources. Here we assign a '' t '' suffix if the 13 lm feature represents at least 0.1% of the total dust emission (summed from 7.0 to 45.2 lm). Figure 1 compares the dust spectra at each SE index, showing the strongest and weakest 13 lm features. For each index the spectrum presented is an average of from two to seven spectra. All of the SE1 and SE2 spectra in the SWS sample contain at least a small 13 lm feature, so the distinction between the two curves for these indices is only a question of degree. For the SE7-SE8 sources, no SWS spectrum shows a trustworthy feature at 13 lm, so the figure shows only the average of the spectra with no 13 lm features. The LRS sample includes sources at each index with 13 lm features because it was a more uniform and much larger sample. For SE2-SE6, Figure 1 clearly illustrates the differences between spectra with and without 13 lm features. Those spectra with 13 lm features also show strong CO 2 bands at 13.9, 15.0, and 16.2 lm as well as the extra dust component at $19.5-20.0 lm on the long-wavelength shoulder of the 18 lm feature.
The reader may also notice a feature in Figure 1 at 12.3 lm. This apparent feature occurs in the transition between bands 2C and 3A, where both exhibit poor responsivity and the calibration is most susceptible to artifacts in the spectral response correction. The 12.3 lm feature most likely is such an artifact; it appears in spectra of standard stars such as Lyr and CMa, more strongly in band 3A than band 2C. For this reason, the algorithm of Sloan et al. (2003) uses band 2C instead of band 3A to 12.4 lm. In the dust sources in our sample, the 12.3 lm artifact typically appears at a strength of 1%-2% of the total emission at that wavelength, but subtracting the stellar continuum enhances its strength relative to the remaining dust emission. In the case of the low-contrast dust shells that comprise SE1, the resulting feature at 12.3 lm has a contrast of several percent with respect to the underlying dust emission. We treat the 12.3 lm feature as an artifact and do not examine it further, but the interested reader should see the recent work by Mutschke et al. (2002) , who looked at this possible dust feature in more detail.
To analyze the spectral features quantitatively, we extract the strength of each feature by (1) interpolating the continuum by fitting a line to the dust continuum on either side, (2) subtracting this, and (3) summing the remaining flux. When the strength of one feature is plotted versus another in the figures below, feature strengths are usually expressed as a ratio to the total dust emission (F d , summed from 7.0 to 45.2 lm). In addition, we have set the strength of features to zero if the central wavelength of the feature falls outside a reasonable range. Table 1 provides the wavelengths for fitting the continuum on the blue and red sides of each feature along with the permitted range of its central wavelength. Figures 2 and 3 illustrate this method for the dust feature at Fig. 1. -Comparison of spectra with the strongest (black) and weakest (gray) 13 lm features at each silicate emission index. The spectra with strong 13 lm features also show strong emission from carbon dioxide, most notably at 13.9, 15.0, and 16.2 lm, an additional component to the 18 lm silicate feature in the vicinity of 19.5-20.0 lm, and a weak feature in some spectra at 16.8 lm. Not marked is the 12.3 lm feature, which we consider as a likely artifact. 13 lm, the carbon dioxide bands at 13.9, 15.0, and 16.2 lm (Fig. 2) , and the dust features at $19.5-20, 28, and 32 lm (Fig. 3) . Fitting a line under a feature when the underlying dust continuum has a more complicated shape may not produce the most accurate result for a given spectrum, but noise in some spectra has a strong effect on the fitting of higher order polynomials. For example, Sloan et al. (1996) used fifthand sixth-degree polynomials to fit the dust continuum under the 13 lm feature in LRS data. The results here will slightly underestimate the strength of the 13 lm feature, but they will be more consistent from one source to the next, especially since some spectra are affected by a discontinuity in slope at 12 lm (at the seam between bands 2C and 3A).
A more detailed analysis of the feature at $19.5-20.0 lm might take into account the expected shape of the 18 lm silicate dust feature, but it is unclear how this shape varies with SE index. It may vary within an SE index. Until this behavior is better understood, this step would require assumptions that complicate the analysis more than they help it. If a correlation with other features is present and strong, we will see it despite the noise in individual extractions caused by our simple technique, and as shown below, this is in fact the case.
4. RESULTS 4.1. The 13 lm Feature Figure 4 shows how the strength of the 13 lm feature (F 13 ) depends on the position of a spectrum along the silicate dust sequence. It plots the 13 lm strength as a percentage of total dust emission (F 13 =F d ) versus the flux ratio F 11 =F 12 used by SP to classify a spectrum on the silicate dust sequence. The silicate emission index depends on the flux ratio by
In general, as one advances from SE1 on the left (lowcontrast dust shells dominated by alumina dust) to SE8 on the right (thicker shells of amorphous silicates), the strength of the typical 13 lm feature drops from 0.5%-1.5% of the total dust emission to less than 0.5%. The diagonal gap apparent in the data may help explain the wide range in the strength of the 13 lm feature at each SE index; it separates -Plot of the strength of the 13 lm feature (expressed as a percentage of the total dust emission from 7 to 45 lm) vs. the flux ratio F 11 =F 12 from the dust. The strength of the 13 lm emission feature appears to follow two sequences; these are separated by a gap pointed to by the dashed lines. Semiregular and irregular variables dominate the upper sequence, while Mira variables dominate the lower sequence. The flux ratio F 11 =F 12 determines the position of a spectrum on the silicate dust sequence, as indicated by the labels '' SE1 '' to '' SE8.'' The vertical hashes mark the boundaries between these indices. The different symbols represent the dust types as classified by Kraemer et al. (2002) : amorphous alumina (2.SEa or SE1-SE3; diamonds), structured silicate emission (2.SEb or SE3-SE6; squares), and classic amorphous silicates (2.SEc or SE6-SE8; triangles). Filled symbols represent Mira variables, open symbols represent SRb variables, and gray symbols are for other variability types (irregulars, other semiregulars, and sources with no variability recognized). Error bars are plotted when they exceed the size of the plotting symbol. -Example of the extraction of the strength of the 13 lm dust feature and the carbon dioxide bands at 13.9, 15.0, and 16.2 lm from a dust spectrum (after the stellar continuum has been estimated and removed). The heavy lines illustrate the line segments used to estimate the dust continuum under the features; solid portions represent the wavelength ranges fitted to the continuum, and dotted portions depict the wavelength range over which the feature flux is summed. The spectrum in this example is of RX Boo, a semiregular variable classified here as SE4t. The TDT (Target Dedicated Time) number uniquely identifies the particular spectrum.
two sequences of the 13 lm strength versus position on the silicate dust sequence.
Semiregular and irregular variables dominate the upper sequence, while Mira variables, if they show any 13 lm feature at all, fall entirely on the lower sequence. Table 2 compares the variability types of the sources plotted in Figure 4 from SE1 to SE6, separated into the upper sequence, lower sequence, or sources showing a 13 lm feature with a strength less than 0.1% of the total dust emission. Threequarters of the 25 spectra on the upper sequence are from SRb variables (semiregular variables on the AGB), and these spectra represent two-thirds of the spectra from SRb variables in the SE1-SE6 range. None of the 22 spectra from Mira variables in the SE1-SE6 range lies on the upper sequence. These results build on the earlier findings of Sloan et al. (1996) , who estimated that $90% of SRb variables exhibited a 13 lm feature, compared to only $20% of Miras.
For SE2-SE6, the sources used to create the average spectra with strong and weak 13 lm features in Figure 1 come from above and below the diagonal gap in Figure 4 , respectively. For SE1, the limited number of spectra above the gap required a shift of the boundary downward to F 13 =F d ¼ 0:50%. As stated previously, no acceptable spectra with 13 lm features appeared in SE7 or SE8.
The mean central wavelength of the 13 lm feature in our sample lies at 12.91 lm, in reasonable agreement with measurements of the peak wavelength in previous studies (e.g., 13.1 lm in Begemann et al. 1997; Sloan et al. 1996) . We have chosen a relatively narrow wavelength range to fit the continuum under the 13 lm feature, primarily to avoid the CO 2 emission band at 13.48 lm. The measured FWHM of this feature is sensitive to assumptions made about the underlying continuum, so to a great degree, the FWHM is not measured so much as assumed by the extraction process. For example, Begemann et al. (1997) found an FWHM for the 13 lm feature of 1.05 lm, considerably larger than the 0.6 lm quoted by other investigators (Sloan et al. 1996; Posch et al. 1999 ) and due in large part to their decision to fit the long-wavelength continuum beyond 15 lm. Our much narrower wavelength range leads to a typical FWHM of only 0.43 lm, and it shifts the central wavelength to the blue.
Carbon Dioxide Bands
The CO 2 spectra in our sample take on several appearances, which we can arrange into a sequence of four groups (Table 3) . Group A includes those spectra with the 13.9 and 16.2 lm bands in emission and the 15.0 lm band in absorption. These spectra also usually show several photospheric absorption bands at shorter wavelengths, including the CO 2 absorption band at 4.15 lm and additional absorption bands at 6.5 and 7.2 lm. In group B, only the 13.9 and 16.2 lm bands are visible, both in emission. In group C, these two bands are joined in emission by the 15.0 lm band. Group D has all three bands in emission, as well as additional CO 2 bands at 13.5 and 15.4 lm and sometimes also at 15.7 lm.
Because the CO 2 bands are narrow and often weak, we can classify only a portion of our sample, 42 spectra, into one of these four groups. Separating these groups into separate SE indices reveals that at each SE index, the strength of the 13 lm feature generally increases as the 15.0 lm CO 2 band changes from absorption to emission. For example, the four SE1 spectra in groups A and B (15.0 lm band either in absorption or absent) have a mean 13 lm strength (F 13 =F d ) of 0.39%, but the three SE1 spectra in groups C and D (15.0 lm band in emission) have a mean 13 lm strength of 0.98%. At SE4, the corresponding 13 lm strengths are 0.01% and 0.54%, respectively. In general, spectra in groups C and D (15.0 lm emission) fall on the upper sequence in Figure 4 (F 13 =F d vs. SE index).
Furthermore, the strength of the CO 2 bands tends to increase with the strength of the 13 lm feature. To quantify this relation, we sum the strengths of the CO 2 bands at 13.9, 15.0, and 16.2 lm, treating a 15.0 lm band in absorption as a negative flux. Figure 5 plots this summed strength as a function of the 13 lm strength, with both fluxes normalized by dividing by the integrated dust continuum. It provides clear support for the original suggestion of Justtanont et al. (1998) that these spectral features are correlated. As described above, features with out-of-range central wavelengths are treated as having zero flux. The Pearson correlation coefficient (e.g., Press et al. 1988) between the strengths of the carbon dioxide bands and the 13 lm feature is 0.81, suggesting a reasonably strong relationship.
4.3. The 16.8 lm Feature Posch et al. (1999) identified the 16.8 lm feature as a component of spinel. The feature clearly appears in some spectra in our sample, but we question its identification with a dust feature. Figure 6 plots the 16.8 lm feature as averaged from the strongest 18 cases (13 2.SEa, 5 2.SEb). The best-fit Gaussian has an FWHM of only 0.13 lm, and the FWHM of the actual profile is only slightly wider (0.15 lm), compared to the FWHM of the 13 lm feature, which ranges between 0.43 and 1.05 lm, depending on the reference. The FWHM of the 16.8 lm feature produced by spinel in the laboratory is $0.8 lm (Posch et al. 1999, Fig. 14) . The FWHM of the observed 16.8 lm feature is too narrow to be a dust feature. However, it is wider than the CO 2 bands in the same spectra. For example, we find that the CO 2 band at 16.2 lm has a typical FWHM of $0.07 lm. The wavelength range from 13.5 lm out to at least 16.5 lm is a veritable forest of marginally detectable CO 2 lines (Cami et al. 2000) , leading us to suspect that the 16.8 lm feature arises from one or more CO 2 bands. Recent theoretical spectra generated by D. Carbon (2002, private communication) expand the wavelengths covered by Cami et al. (2000) and show that CO 2 produces additional bands at 16.7 and 17.2 lm. We find that the 16.8 lm feature is suspiciously close to the transition identified by Carbon as the 03 1 0-02 2 0 (Å u -D g ) transition. The width and profile of the observed feature are suggestive of a blend with another band, perhaps a 13 CO 2 band or another unidentified feature.
The 16.8 lm feature is faint, and it is identifiable in only 18 spectra, a small fraction of our sample, making it difficult to extract and compare its strength to the 13 lm feature. Given the correlation between CO 2 and the 13 lm feature, we would expect the 16.8 lm feature to correlate with the 13 lm feature whether it arose from CO 2 or from a dust feature associated with 13 lm emission.
Of the 18 spectra in our sample with a clear 16.8 lm feature, 14 are identified with the group of CO 2 spectra that shows the three prominent bands at 13.9, 15.0, and 16.2 lm in emission, along with the additional bands at 13.5 and 15.4 lm (group D in Table 3 ). If the 16.8 lm feature does arise from CO 2 , these are precisely the spectra where one would expect to see it.
As an aside, we comment on the 17.2 lm emission feature identified by Carbon as an additional CO 2 band. We had noticed this feature in our analysis prior to this identification, but it is faint and near the noise levels, precluding any detailed analysis. Nonetheless, we conclude that it is an additional CO 2 band present in the SWS database.
The 20 lm Feature
To compare the strength of the feature at $19.5-20.0 lm to the 13 lm feature, we extract its strength by fitting a line over the wavelength ranges given in Table 1 . The average central wavelength of the dust feature at $19.5-20.0 lm lies at 19.78 lm, so for the remainder of this paper we refer to it as the 20 lm feature. Figure 7 illustrates the correlation between the 13 and 20 lm features. As with the 13 lm and other features, only those features with a central wavelength in the range given by Table 1 are plotted. The Pearson correlation coefficient between the 13 and 20 lm features is 0.82, indicating that the strength of the 20 lm feature is coupled to the 13 lm feature just as strongly as the CO 2 bands.
The 20 lm feature occurs right at the boundary between bands 3C and 3D, raising the suspicion that it could result from some systematic problem with the SWS database. However, the Si:As detectors used in band 3 have proven reliable and have not been associated with any documented problems that could produce such an artifact. Furthermore, it is unlikely that an artifact would correlate so well with the 13 lm feature.
The 28 lm Feature
Many spectra in our sample show an emission feature in the vicinity of 28 lm, near the 29 lm feature reported in some 13 lm sources in spectra from the KAO by Glaccum (1995 Glaccum ( , 1999 . In spectra from the SWS, the 28 lm feature has been identified thus far only as a light leak in band 3D in Figure 10 of Fabian et al. (2001b) . Sloan et al. (2003) have taken care to avoid those portions of band 3D strongly affected by the light leak (i.e., wavelengths longer than 27.3 lm), and while the feature does lie at the troublesome boundary between bands 3D, 3E (27.3-27.7 lm), and 4 (past 27.7 lm), we believe it is real, based on our own analysis and on its previous identification in KAO data.
The analysis of the 28 lm feature follows that of the 20 lm feature, and as Figure 8 shows, the 28 lm feature also correlates with the 13 lm feature. In our sample, the mean central wavelength of the 28 lm feature is 28.15 lm. The Pearson correlation coefficient between the 13 and 28 lm features is 0.70, again indicating a relationship.
In the development of the automated postpipeline algorithm for the SWS database, Sloan et al. (2003) tried several different methods of normalizing band 3E to its neighboring bands. While the shape and central wavelength of the 28 lm band proved sensitive to the method of normalization, the extracted fluxes proved to be robust, giving us confidence that this feature is not an artifact of the normalization method. In addition, its correlation with the 13 lm feature makes it unlikely that it arises from any light leak, since the strength of the light leak should depend more on the overall spectral energy distribution than on any detailed spectral features. Given the dependence of the feature position on the normalization scheme for band 3E, the final determination of the position and shape of the 28 lm feature will have to await future spectroscopy, but the correlation of its strength with the 13 lm feature seems solid. Fabian et al. (2001b) first identified an emission feature in the vicinity of 32 lm. They argued that since laboratory spectra of spinel show emission features at 13, 16.8, and 32 lm and these three features appear together in some spectra from the SWS, spinel was the best candidate for the carrier of the 13 lm feature.
The 32 lm Feature
Our analysis of the 32 lm feature follows the same procedure as for the 20 and 28 lm features. The mean wavelength of the extracted feature is 31.51 lm. As Figure 9 shows, attempting to correlate the strength of the 32 lm feature to the 13 lm feature produces a Pearson correlation coefficient of only 0.34, substantially less than that for the 20 and 28 lm features and CO 2 bands.
The 32 lm feature lies completely in the range of the troublesome Ge:Ga detectors used in band 4 on the SWS. Given the difficulties in band 4 (e.g., hysteresis in the dark current, sensitivity to cosmic-ray hits), it is certainly possible that the 32 lm feature does correlate with the 13 lm feature better than indicated here, but the SWS database does not provide any evidence for such a correlation. The 28 lm feature also lies mostly in band 4, and its correlation with the 13 lm is readily apparent.
DISCUSSION
Our analysis reveals clear correlations between the strength of the dust features at 13, 20, and 28 lm as well as the carbon dioxide bands. On the other hand, the 16.8 lm feature probably does not arise from dust, and the strength of the 32 lm feature does not correlate with the 13 lm feature. While it is possible that the 13, 20, and 28 lm dust features actually arise from the same carrier, it is equally plausible that they arise from different carriers related by the fact that they all form in the same physical conditions that also produce the carbon dioxide bands. The key, then, to the identification of the carrier of the 13 lm feature is the identification of either (1) a carrier that can produce all three correlated dust bands or (2) a family of related carriers that can account for all three bands and should arise in similar conditions. 
The Silicon-impoverished Grain Hypothesis
While we can no longer link the 13 lm feature to dust features at 16.8 and 32 lm, this does not eliminate the possibility that the 13 lm feature still arises from spinel (MgAl 2 O 4 ) as proposed by Posch et al. (1999) and Fabian et al. (2001b) . Given the correlation of this feature with the 20 lm feature, it is worthwhile to consider spinel in conjunction with the carrier proposed for the 20 lm feature by Posch et al. (2002) , Mg and Fe oxides. Spinel and the oxides are all silicon-poor, so this hypothesis would gain strength if a plausible scenario for the formation of silicon-impoverished grains could be advanced. Sloan & Price (1998) noticed that MS and S stars, which have a C/O ratio near unity, produce circumstellar shells dominated by alumina grains, while supergiants, whose massive envelopes dilute any dredged up material and remain oxygen-rich, almost always produce silicate-rich dust shells. On this basis, they suggested that the silicate dust sequence might arise from the range of C/O ratios possible in the photospheres of oxygen-rich AGB stars and supergiants. They proposed that when the C/O ratio of oxygen-rich stars approaches unity, the formation of CO gas will leave little oxygen for grain formation. As gaseous material moves away from the central star and cools, alumina grains will form before silicate grains because of the higher condensation temperature of alumina and the higher chemical affinity of aluminum for oxygen than for silicon (Stencel et al. 1990 ). Sloan & Price (1998) suggested that in stars with C/O ratios near unity, the formation of CO gas and alumina grains might exhaust the supply of available oxygen before silicates can form. Thus, Sloan & Price (1998) have invoked the silicon-impoverished grain hypothesis not to explain the presence of the 13 lm and related features but to explain the existence of alumina-rich spectra, which show broad, low-contrast dust emission at the bottom of the silicate dust sequence (2.SEa or SE1-SE3). Sloan et al. (1996) found that 13 lm features could appear in spectra associated with any part of the silicate dust sequence. Here we find that 13 lm features can appear at least from SE1 to SE6. As Figure 1 shows, the underlying dust spectrum from SE4 and up, for spectra with and without the 13 lm and associated features, clearly resembles silicate dust emission with its characteristic emission peaks in the vicinity of 10 and 18 lm. Radiative transfer models by Lorenz-Martins & Pompeia (2000) and Egan & Sloan (2001) required at least half of the dust grains to be silicate in nature to fit spectra from SE4 to SE8. The 13, 20, and 28 lm features appear most strongly in SE4-SE6 spectra, which must have a substantial contribution from silicaterich grains. On this basis, we conclude that it is unlikely that these dust features arise solely from silicon-impoverished grains. Silicon impoverishment provides a straightforward means of explaining alumina-rich spectra by linking them to photospheric chemistries with C=O $ 1. Some other mechanism is needed to explain the presence of the 13, 20, and 28 lm dust features.
Crystalline Grains as a Possible Carrier
We suggest an alternative hypothesis: that the 13 lm and related dust features arise from crystalline forms of the grains already known to be present in oxygen-rich dust shells, namely, alumina and silicate grains. In this scenario, crystalline alumina would produce the 13 lm feature while crystalline silicates would produce the 20 and 28 lm features. Waters et al. (1996) first discovered spectral features from crystalline silicates in circumstellar shells, using SWS observations of optically thick sources such as OH/IR stars. The thorough study by Molster, Waters, & Tielens (2002a) and Molster et al. (2002b Molster et al. ( , 2002c provides convincing arguments that the strong features seen at 10, 11, 18, 20, 23, 27, 33, 40 , and 43 lm arise from combinations of forsterite (Mg 2 SiO 4 , the Mg-rich end-member of the olivine series) and enstatite (Mg 2 SiO 3 , the corresponding Mg-rich end-member of the pyroxene series). (The iron-rich end-members of olivine and pyroxene are known as fayalite and ferrosilite, respectively.)
The optically thin shells with the 13 lm feature have significantly different spectra than those seen in the deeply embedded sources where crystalline silicates have been firmly identified. In the optically thick shells, the 33 lm feature dominates the other features, while in the 13 lm sources, it is absent. Similarly, the feature at 23 lm is much less pronounced in our sample. In addition, the feature at 27 lm has shifted to 28 lm in the 13 lm sources. Molster et al. (2002a) compare several laboratory samples of forsterite and two crystalline structures of enstatite (ortho-enstatite with a rhombic structure and clino-enstatite with a monoclinic structure). Their figures show that enstatite has much weaker features at 23 and 33 lm than forsterite, and in the 27-28 lm region, the forsterite feature is at 27.4 lm while the enstatite feature is at 28.2 lm. The 19.6 lm feature from forsterite is accompanied by a 16.2 lm dust feature that does not appear in either the 13 lm spectra or in the laboratory spectra of enstatite. (This feature is much broader than the 16.2 lm CO 2 band.)
Thus, enstatite is a strong candidate for the carrier of the 20 and 28 lm dust features. We also note that the orthoenstatite spectra examined by Molster et al. (2002a) provide a better match to the observed 28 lm feature than the clinoenstatite spectra. The recent study of laboratory samples of Mg-rich and Fe-rich olivines by Fabian et al. (2001a) , however, demonstrates and quantifies how the relative strengths and positions of the silicate emission features depend on Mg and Fe content and the distribution of particle shapes. Even if it proves premature to assign the 20 and 28 lm features to a particular species of crystalline silicates, it is clear that at least one species of crystalline silicates provides a good match to the observed features; others might also. 7 Under what conditions would outflowing gas condense into crystalline grains instead of amorphous grains? We suggest that the structure of the grains depends on the density of the gas in the dust formation zone. Gail & Sedlmayr (1998) argue that grains will anneal if atoms can obtain sufficient energy to jump into a vacancy in the lattice structure, and this likelihood can be expressed in terms of a diffusion timescale. Whether or not the grains will form with a crystalline structure depends on how the diffusion timescale compares to the timescale for accretion of the dust grains, which will be longer when the density in the dust formation 7 Models of the spectrum of RX Boo by Glaccum (1999) show that -Ca 2 SiO 4 can account for at least part of the 20 lm feature and all of the 28 lm feature in that source; -Ca 2 SiO 4 is another crystalline silicate, lending further indirect support for crystalline silicates as a likely carrier of both features. On the other hand, his models account for most of the 20 lm feature with Mg 0.8 Fe 0.2 O, an oxide much like that proposed by Posch et al. (2002) . zone is lower. At lower densities, the grains will form more slowly, giving each atom a longer period of time to settle into the lattice structure before the grain accretes more particles. In denser dust-forming regions, the grains will accrete material faster than they can settle into the lattice, resulting in an amorphous structure.
A lower density in the dust formation zone could result either from a lower mass-loss rate or because the dust formation zone is farther away from the central star. Our sample provides evidence for both of these effects.
First, SRb variables are far more likely to have strong spectral features at 13, 20, and 28 lm than Mira variables. Wood & Sebo (1996) provide strong evidence from observations and modeling of sources in the Large Magellanic Cloud that most Mira variables must pulsate in the fundamental mode, while long-period variables with smaller amplitudes (e.g., semiregulars) pulsate in the first overtone. This difference would imply that Miras pulsate in a radial mode while semiregulars pulsate in a nonradial mode, which would in all likelihood lead to a higher mass-loss rate in Miras.
Habing (1996, x 9.2) reviews the evidence for higher massloss rates in Miras, including the lack of maser activity in semiregulars and the significantly higher VÀ [12] and KÀ [12] colors in Miras (see Kerschbaum & Hron 1992 . To examine the mass-loss rate more directly for all of the sources in our sample with classifications of SE1-SE6, we estimate the mass-loss rate from dust as measured by the KÀ[12] color, using the relation between this color and mass-loss rate found by Whitelock et al. (1994) . The K magnitudes come from Neugebauer & Leighton (1969) , Jura & Kleinmann (1992) , Jura, Yamamoto, & Kleinmann (1993) , Gezari et al. (1993) , Kerschbaum & Hron (1994) , Whitelock et al. (1995 ), Feast (1996 , van Leeuwen et al. (1997) , Bedding & Zijlstra (1998) , , and Whitelock, Marang, & Feast (2000) . The 12 lm magnitudes come from The IRAS Point Source Catalog (Joint IRAS Science Working Group 1988), color corrected for typical AGB sources by adding 0.22 mag. Because most of these sources are variables and not all of the photometry represents averages over the total period, this method will result in significant uncertainties in the mass-loss rates derived; we estimate the minimum uncertainty to be $30%-40%.
The mass-loss rate tends to increase up the silicate dust sequence, so Figure 10 plots it as a function of the strength of the 13 lm feature separately for each SE index from 1 to 6. By segregating the sources in this manner, we can concentrate on how the mass-loss rate depends on the strength of the 13 lm feature for spectra with otherwise similar dust characteristics. At each index, spectra with stronger 13 lm features arise from stars with generally lower mass-loss rates, just as might be expected given the separation of SRb and Mira variables between the stronger and weaker 13 lm sources. Table 4 summarizes these trends by giving the mean for those sources corresponding to the upper sequence in Figure 4 , the lower sequence, and those sources where Cami et al. (2000) model the CO 2 emission and conclude that when the 15.0 lm band is in absorption, the warm CO 2 layer is closer to the central star than in sources with a 15.0 lm emission band. This dependence provides support for the second effect, that in 13 lm sources, the dust formation zone is farther from the central star. As one moves the warm CO 2 layer away from the central star, the 15.0 lm band shifts from absorption to emission and on average the 13 lm band grows in strength. The strength of the emission from the CO 2 and the strength of the dust emission features at 13, 20, and 28 lm are clearly correlated. If the CO 2 layer is physically associated with the dust formation zone, then it follows that the 13 lm feature is stronger when the dust forms farther from the central star and the dust formation zone has a lower density.
Thus, a lower mass-loss rate and a (potentially) greater distance between the dust formation zone and the central star, both of which should result in lower densities in the dust formation zone, are linked to sources with stronger 13 lm features. Begemann et al. (1997) suggested that if the 13 lm feature arose from crystalline alumina, then a companion feature should be visible at 21 lm, but this feature does not appear Fig. 4 (right side of SE2-SE6), the lower sequence in Fig. 4 (center of SE2-SE4, right side of SE1), and sources with no significant 13 lm feature (left side for all SE indices). Table 4 gives the mean mass-loss rate for each of these regions. in our sample. In the various alumina samples investigated by Begemann et al. (1997) , the ratio of the strengths of the 13 and 21 lm features ranges from 4.5 to over 30. Alumina dust condenses from gas at a higher temperature than silicates, as high as 1700 K compared to 1400 K (Tielens 1990 ).
The dust density will be highest at the dust formation zone, and it is reasonable to assume that this region will dominate the emission. For the sake of argument, we will conservatively assume a temperature of 1000 K for the alumina grains. Then the emission feature at 21 lm would be weaker than the 13 lm feature by a factor of 9-70 (depending on the grain emissivities adopted). Even in the strongest 13 lm sources, a feature $10 times weaker would be hard to find in the SWS spectra. There is some evidence for spectral structure in the 21-22 lm range in several sources (Fig. 1, SE1-SE3 ), but it is not clear that this structure correlates in any way with the strength of the 13 or 20 lm features. Another issue is the lack of evidence for features associated with crystalline silicate species at 9 and 11 lm. In most sources, amorphous silicates with their strong and broad 10 lm feature dominate the dust mixture, and where they do not, amorphous alumina dominates. Thus, searching for spectral features from crystalline species is difficult. There is certainly spectral structure in the vicinity of 11 lm in many sources, but this could easily arise from the alumina material. In particular, most structured silicate spectra (SE3-SE6) show this structure, not just the 13 lm sources. Interpretation of the spectra is complicated by the possibility that there may be multiple causes of the structured silicate emission (e.g., Lorenz-Martins & Pompeia 2000; Egan & Sloan 2001) .
Finally, we note that SP identified some supergiants with 13 lm features in their spectra but found that few supergiants produced spectra associated with amorphous alumina dust. The sample analyzed here is much smaller, but of the 12 variables associated with supergiants (variability type SRc and Lc) in the range SE1-SE6, 10 do not show 13 lm features. Of the two that do, one (T Cet) is an MS star of luminosity class II. The fact that it is an MS star indicates that dredge-ups have modified its envelope, suggesting that it is less massive than most supergiants and may be a luminous AGB star.
CONCLUSIONS
Our study has revealed a correlation between the strength of dust emission features at 13, 20, and 28 lm and the bands produced by carbon dioxide in the 13-17 lm range. We suggest that the most likely carriers of the dust features are crystalline analogs of the amorphous alumina and silicate grains known to produce spectra spanning the range of the silicate dust sequence.
While we do not rule out spinel as a possible carrier of the 13 lm feature, we can rule out the strongest argument in its favor: the correlation of the 13 lm feature to possible dust features at 16.8 and 32 lm. The former is too narrow to arise from dust, and the latter is poorly correlated with the 13 lm feature.
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APPENDIX A CATALOG OF SOURCES AND SPECTRAL CLASSIFICATIONS
The next three columns give the infrared spectral classifications, first, when available, the classification based on LRS spectra from IRAS by Sloan & Price (1998, hereafter SP98) , then the classifications by Kraemer et al. (2002, hereafter KSPW02) , who classified all full-scan spectra (AOT1) from the SWS on ISO, and finally, a classification made from the analysis of SWS data in this study.
The SP98 classifications include an occasional classification of '' H(SE),'' which means that circumstellar silicate emission is superposed on a red spectrum from an H ii region. The appended '' t '' denotes a 13 lm source (as defined by Sloan et al. 1996) . These classifications do not include a group number, which in most cases would be '' 2 '' for stellar spectrum with associated circumstellar emission.
The KSPW02 classifications group the spectral indices into letter codes: '' a '' for $1-3, '' b '' for $3-6, and '' c '' for $6-8. A careful look at Table 5 will reveal that these correspondences are only approximate.
The third column of infrared classifications is based on the current analysis. The '' t '' designation is given when the strength of the 13 lm feature exceeds 0.1% of the total dust emission (F 13 =F d > 0:001). For sources observed more than once, the SE index is based on the average of the flux ratios (F 11 =F 12 ) for the individual spectra. While Sloan & Price (1998) took care to subtract a different continuum for supergiants and AGB sources, we have not done that here, so those spectra associated with variability types of Lc or SRc might be shifted by approximately one SE index.
The final column gives TDT numbers of the spectra obtained for each source. In most cases, there is only one spectrum per source, but there can be up to eight. 
